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Stannous selenide is a layered semiconductor that is a polar analogue of black phosphorus, and
of great interest as a thermoelectric material. Unusually, hole doped SnSe supports a large Seebeck
coefficient at high conductivity, which has not been explained to date. Angle resolved photo-emission
spectroscopy, optical reflection spectroscopy and magnetotransport measurements reveal a multiple-
valley valence band structure and a quasi two-dimensional dispersion, realizing a Hicks-Dresselhaus
thermoelectric contributing to the high Seebeck coefficient at high carrier density. We further
demonstrate that the hole accumulation layer in exfoliated SnSe transistors exhibits a field effect
mobility of up to 250 cm2/Vs at T = 1.3 K. SnSe is thus found to be a high quality, quasi two-
dimensional semiconductor ideal for thermoelectric applications.
Layered materials display a remarkable variety of phys-
ical properties, and have attracted considerable atten-
tion for decades [1, 2]. Among the less well studied lay-
ered materials is stannous selenide (SnSe), a group IV
monochalcogenide whose thermodynamically most sta-
ble form at room temperature is an orthorhombic crystal
consisting of highly puckered, honeycomb layers with a
d = 0.58 nm spacing [3]. SnSe is a polar analogue of
the layered, elemental semiconductor black phosphorus
[4], which has been studied in its exfoliated form [5–8].
Bulk SnSe has attracted much attention recently for its
low thermal conductivity κ[9, 10], high Seebeck coeffi-
cient S [9] and high electrical conductivity σ in hole-
doped [11] and electron-doped [12] material. This com-
bination of physical properties leads to a figure of merit
ZT = S2σT/κ > 2 for p-type SnSe[9] and n-type SnSe
[12], which is promising for thermoelectric energy conver-
sion applications. A good figure of merit is fundamentally
difficult to achieve in a semiconductor because electrical
conductivity σ ∝ p favours a high carrier concentration
p, while the Seebeck coefficient S ∝ p−2/3 in a single bulk
band favours a low carrier concentration [13].
The record ZT figure of merit of p-type SnSe has been
explained as arising from a valence band structure with
multiple low-lying valleys, on the basis of band structure
calculations [11, 14] that have not been verified by ex-
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periment. The role of dimensionality, long recognized as
a critical factor in determining density of states and thus
Seebeck coefficient [15], has thus far not been considered
in the layered material SnSe. Despite its importance for
thermoelectric applications, there is paucity of experi-
mental studies of the electronic properties of SnSe. An
indirect bandgap of Eg = 0.86 − 0.94 eV has been mea-
sured by optical absorption and reflection experiments
in bulk SnSe [11, 16–18]. Nominally undoped, bulk SnSe
exhibits hole conduction with a room temperature Hall
mobility in the range of 150−250 cm2/Vs [11, 16, 17, 19],
reaching 7000 cm2/Vs at a temperature of 77 K [16].
Ultra-thin films of poly-crystalline SnSe have been pre-
pared by liquid phase deposition with field effect mobili-
ties of 10 cm2/Vs [20]. Vapour phase deposition has been
used to synthesize ultra-thin SnSe crystals with field ef-
fect mobilities of 1.5− 10 cm2/Vs [21–23].
Here, we report a combined spectroscopy and elec-
tronic transport study of SnSe single crystals. We
performed angle resolved photoelectron spectroscopy
(ARPES) measurements of the electronic band structure
in the full three-dimensional Brillouin zone, identifying
two valleys near band edge, similar to that recently
reported [24, 25]. One valley is found to be quasi
two-dimensional (quasi-2D) with negligible out-of-plane
dispersion, and the other valley has an out-of-plane
effective mass 0.8m0. Optical reflectance spectroscopy
shows a linearly increasing optical conductivity indica-
tive of an indirect bandgap of 0.8 eV and a quasi-2D
dispersion in agreement with ARPES. Magnetotrans-
port measurements show excellent agreement with a
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2semi-classical two-carrier model, where the Hall mobility
of the high mobility valley reaches 2200 cm2/Vs. The
hole accumulation layer in exfoliated SnSe crystals
shows modulation with a field effect mobility reaching
250 cm2/Vs at T = 1.3 K. Our experimental study
reveals the combined role of valley degeneracy and
quasi-2D dispersion in the thermoelectric response of
SnSe, and conclusively demonstrates the suitability of
SnSe for field effect devices.
Angle Resolved Photoemission Spectroscopy
The SnSe unit cell, showing a puckered honeycomb
layer structure, and the first Brillouin zone (BZ) with
high symmetry points are shown in Fig.1(a). The nature
of valence band structure in SnSe is critical to under-
standing the electronic and thermoelectric properties of
hole doped SnSe. The band structure predicted by den-
sity functional theory (DFT) along the high-symmetry
lines of the SnSe BZ is depicted Fig.1(b), with calcula-
tional details described in the Appendices below. The
Fermi energy was set to 0.30 eV above the valence band
maximum (VBM) in line with ARPES measurements of
weakly hole doped SnSe described below. An indirect
gap is observed, and we identify four hole valleys, 1)-4),
in Fig.1(b).
The location and shape of the valence valleys predicted
by DFT are visualized in Fig. 1(c) with isoenergy con-
tours 30 meV below each local VBM for valleys 1), 2)
and 4) in the ΓY Z plane. Valley 3) lies in the UXS
plane, and is derived from the out-of-plane dispersion of
valley 2) with wavevector in the Ka direction, as seen in
Supporting Information Fig.S2 [26]. In the absence of in-
terlayer coupling, there would be no out-of-plane disper-
sion, and the band structure around valley 3) would be
identical to that around valley 2). As we will show later,
the experimental Ka dispersion of valley 2) is indeed neg-
ligible and DFT overestimates the Ka dispersion.
According to our ab-initio calculations, valley 1) has a
VBM of EF − E1 = 0.30 eV, and valley 2) has a VBM
of EF − E2 = 0.35 eV. Valley 4) is lower in energy and
is located along ΓY with a VBM of EF −E3 = 0.43 eV.
As seen in Fig.1(c), the isoenergy contours are elliptical,
indicative of effective mass anisotropy (see Supporting
Information [26] for the effective masses). Subtle changes
in the energy and shape of the valleys, below the accuracy
of ab-initio calculations, can strongly affect transport and
thermoelectric properties, high-lighting the importance
of experimental investigation of the band structure using
high-resolution ARPES.
We accumulated ARPES intensity maps along the high
symmetry crystallographic directions. Fig.1(d) depicts
isoenergy contours of the ARPES intensity at three dif-
ferent binding energies (0.3 eV, 0.5 eV and 0.7 eV). The
appearance of valleys 1), 2) and 4) is clearly seen, in
qualitative agreement with DFT. Valleys 1), 2) and 4)
are off zone centre, and are thus doubly degenerate in
the language of semiconductors. Cuts along lines of high-
symmetry allows extraction of the VBM energy and ef-
fective masses for each valley. Fig.1(e) shows the valley
1) and 2) dispersion along ΓZ, where it can be seen that
the VBM of both are degenerate. The VBM of valley 1)
is 0.3 eV below the Fermi level, indicative of weak hole
doping in consideration of the 0.8 eV bandgap of SnSe de-
termined by optical spectroscopy below. The anisotropy
of the effective masses of valleys 1) and 2) is evident in
comparing the momentum cuts parallel to ΓY shown in
Fig.1(f) with that along ΓZ in Fig.1(e). The dispersion
of low-energy valley 4) is shown in Fig. 1(g) parallel to
the ΓZ and along the ΓY directions.
The out-of-plane (Ka) dispersion of valleys 1) and 2)
plays an important role in determining density of states,
and hence thermoelectric properties. The oscillations of
the position of valley 1) with photon energy allow us to
assign the out-of-plane wave vector Ka taking into ac-
count the out of plane lattice constant a = 11.49 A˚ and
an inner potential of 12 eV (see Supporting Information
[26]). Fig.1(h) shows the photon energy dependence of
the ARPES intensity at valleys 1) and 2). The ΓZ line
is identified by the maximum splitting of the two highest
valence bands at valley 1) and the VBM being at the low-
est binding energy. It can be seen from the photon energy
dependence of the ARPES intensity maxima that valley
1) has a Ka bandwidth of ∼0.3 eV while valley 2) has a
negligible dispersion along Ka within an experimental ac-
curacy of about 20 meV. These results indicate that the
electronic structure of SnSe is quasi-2D, wherein disper-
sion out of plane (along Ka) is significantly weaker than
the in-plane dispersion. Importantly, the Ka dispersion
of valley 1) allows us to assign an out-of-plane effective
mass at ΓZ of about 0.8m0. Notably, these findings are
in qualitative agreement with ab-initio calculations which
predict 0.55m0 for the out-of-plane effective mass of val-
ley 1) in the ΓY Z plane and a 2.5 times higher mass for
valley 2) (see Supporting Information [26]). The find-
ing that valley 2) has a significantly heavier out-of-plane
effective mass than valley 1) implies that the density of
states and carrier concentration in valley 2) is larger than
that of valley 1). We apply this reasoning to the as-
signment of hole mobility and carrier concentration from
magnetotransport measurements discussed below.
Comparing ab-initio predictions with ARPES mea-
surements, it is clear that despite the good agreement
at a coarse level, there are important features that are
not fully captured by ab-initio calculation. The VBM
of valleys 1) and 2) are experimentally found to be
equal to within ∆ < 20 meV, while DFT predicts a
∆ = 50 meV splitting. Similarly, the dispersion along
Ka is experimentally found to be flatter than the DFT
results. Quantitative modelling of SnSe thermoelectric
performance is sensitive to these features.
Optical Reflectance Spectroscopy
Dimensionality plays an important role in the de-
pendence of optical absorption on photon energy, and
3FIG. 1: SnSe crystal and band structure. a) Crystal structure and Brillouin zone (BZ). b) DFT band structure along
high symmetry lines, with hole pockets 1) - 4) identified. c) DFT calculated position and shape of the hole pockets in the ΓY Z
plane of the BZ, with valleys identified. An isoenergy line 0.03 eV below the local valence band maximum is shown for each
valley. The energy of each hole valley band maxima is identified. d) ARPES isoenergy cuts at E = 0.3 eV,0.5 eV and 0.7 eV
showing the location of the valleys 1), 2) and 4) in the BZ (hν = 74 eV ). e) Momentum cuts along ΓZ of valleys 1) and 2).
The ARPES intensity maxima and the effective mass are also shown. f) Momentum cuts along ΓY of the pockets 1) and 2)
along with the ARPES intensity maxima and the effective masses. g) Momentum cuts parallel to ΓZ (upper panel) and along
ΓY (lower panel) of pocket 4). h) Out-of-plane (Ka) dependence of the ARPES intensities of valleys 1) and 2). The crosses
indicate the VBM and allow for extraction of the effective masses along Ka (see text). This momentum cut also shows that
valley 3) is the extension of valley 2) along XU . i) SnSe optical conductivity spectrum measured at room temperature with
unpolarized light at normal incidence. The model fit (blue line) is that for a 2D indirect gap semiconductor.
the quasi-2D nature of SnSe can also be seen in optical
absorption experiments. Fig.1(i) shows the optical
conductivity of SnSe inferred from optical reflectivity
measurements at nearly normal incidence to the basal
plane (alignment with the a-axis) of a single crystal of
SnSe. The low energy far infrared (IR) region depicts
the IR active phonons (not shown) in agreement with
previous literature [27]. At higher energies a linear
function can be fit to the conductivity, intersecting
the energy axis. The optical conductivity for a 2D
indirect band gap semiconductor is proportional to
h¯ω + h¯ω0 − Egap for h¯ω > Egap − h¯ω0, where h¯ω is
the photon energy, h¯ω0 the phonon energy absorbed in
the indirect optical transition, and Egap the indirect
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FIG. 2: Zero field resistivity. a) Schematic of exfoliated
SnSe FET with Si back-gate. b) Optical micrograph and
AFM image of a representative exfoliated SnSe FET with a
thickness of 180±16 nm. c) A comparison of current-voltage
characteristics of exfoliated SnSe with Ti, Pd, and Pt contact
electrodes, where Pt gives Ohmic conduction at T = 1.5 K
and above.
energy gap [1]. The absorbed phonon energies are at
most 20 meV in SnSe [10, 28], which is several percent
of the previously reported band gap [29, 30] and can
be neglected. Thus, a linear fit of the measured optical
conductivity to (h¯ω − Egap) can be used to extract
an indirect optical gap of Egap = 0.80 eV, in good
agreement with previous works[29, 30]. The optical
conductivity below the gap can be attributed to band
impurity transitions.
Device Fabrication
The charge transport properties of exfoliated SnSe
flakes and bulk SnSe crystals were investigated in de-
tail. Single crystal SnSe was exfoliated (see Appendix
A) on to a degenerately doped Si substrate with 300 nm
of SiO2 for back-gating, and electrodes were formed with
standard lithography techniques as shown schematically
in Fig. 2 a), with a representative device shown in Fig.
2 b). Atomic force microscopy was used to determine ex-
foliated flake thickness, and devices were found to be in
the ∼ 100 nm− 400 nm thickness range where quantum
confinement effects can be neglected. Polymer encapsula-
tion was used to mitigate against oxidation. The in-plane
charge transport of bulk samples cleaved along the basal
plane were also investigated, with a typical thickness of
∼ 110 µm− 170 µm.
A variety of metals were tested for Ohmic contact
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FIG. 3: Field Effect. a) Optical micrograph of an exfo-
liated SnSe flake with a thickness of 320 ± 30 nm. b) The
resistivity Rxx versus temperature T during cool down with
and without illumination from a red ( λ = 630 nm ) light emit-
ting diode. c) The sheet conductance Gxx versus gate voltage
VGS at T = 1.3 K. A hole accumulation layer threshold is ob-
served at VGS = −37 V. d) The FET mobility µFET and the
Hall mobility µH versus gate voltage VGS at T = 1.3 K.
formation. The current ISD versus applied voltage VSD
of exfoliated SnSe flakes is shown in Fig. 2 c). Titanium
contacts resulted in Schottky barrier behaviour at
300 K. Palladium contacts resulted in linear behaviour
at 300 K and Schottky behaviour at 1.5 K. In contrast,
platinum resulted in linear behaviour at 300 K and at
1.5 K. ARPES, field effect and Hall-effect measurements
(described below) all indicate weak, unintentional p-type
doping of the SnSe crystals used in our experiments. Al-
though the work function of SnSe remains unknown, the
improvement in Ohmic contact formation can nonethe-
less be understood from the increase in work function
for the metal sequence where φ = 4.33, 5.22, 5.64 eV for
Ti, Pd, and Pt, respectively [31].
Field Effect
The electronic quality of exfoliated SnSe was confirmed
by field effect measurements. A flake in a back-gated
van der Pauw geometry, shown in Fig. 3 a), was inves-
tigated in depth. The longitudinal resistance Rxx versus
temperature T is shown in Fig. 3 b), increasing mod-
estly with decreasing temperature. No freeze-out is ob-
served, with conductivity persisting down to a tempera-
ture T = 0.3 K. Illumination with a red light emitting
diode ( λ = 630 nm ) during device cooling resulted in
a persistent photoconductivity, similar to that observed
at low temperature in other semiconductors [32]. We at-
5tribute the persistent increase in p-type conductivity to
photo-electron trapping, which increases the fixed neg-
ative charge density that supports the mobile hole den-
sity. The microscopic nature of the electron trap states
remains to be identified.
The longitudinal sheet conductance Gxx, corrected
for van der Pauw geometry, is shown in Fig. 3c)
versus gate voltage VGS at T = 1.3 K. Two distinct
regimes of high and low p-type transconductance
are evident. We attribute the low transconductance
regime to modulation of hole density in the bulk of
the exfoliated flake, and the high transconductance
regime to modulation of a hole accumulation layer. A
threshold voltage of VT = −37 V is identified from
the onset of high transconductance. There is minimum
hysteresis in Gxx versus VGS , indicating that the
chemical potential at the SiO2/SnSe interface can be
modulated with minimal charge trapping. The field
effect mobility µFET = ∂Gxx/∂(CVGS) and the Hall
mobility µH = Ryx/BRxx are plotted versus gate
voltage VGS in Fig. 3d), where C = 11.5 nFcm
−2 is
the back gate capacitance and a single carrier type
model is assumed here for simplicity. A peak field effect
mobility of 250 cm2V−1s−1 and a peak Hall mobility of
210 cm2V−1s−1 were observed in the hole accumulation
regime. As expected, the field effect mobility drops
rapidly in the absence of a hole accumulation layer at
the SnSe/SiO2 interface due to ineffective modulation
of carrier density within the bulk of the exfoliated SnSe
flake. The observed field effect mobility in exfoliated
SnSe is an order of magnitude greater than that reported
to date [21–23].
Magnetoresistance
The magnetoresistance of both bulk and exfoliated
SnSe was investigated to elucidate the role of the dou-
bly degenerate valence valleys 1) and 2) identified by
ARPES. A bulk SnSe Hall bar, of thickness 170 ±12 µm
is shown in Fig. 4a) along with its longitudinal resistance
Rxx versus temperature T . We observed variation in re-
sistance with successive thermal cycles, and measured
the magnetoresistance and Hall resistance on a single
cool-down. The measured resistance Rxx versus mag-
netic field B at different temperatures is shown in Fig.
4b). Magnetoresistance exceeding 200% was observed at
B = 18 T. To analyze the magnetoresistance, we adopt
a semi-classical two-carrier model with resistance tensor
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FIG. 4: Magnetoresistance. a) The resistance Rxx versus
temperature T of a bulk SnSe crystal of thickness 170±12 µm.
b) The resistance Rxx versus magnetic field B at different
temperatures T , showing a clear positive magnetoresistance
that increases at low temperature. c) Excellent agreement
with a two-carrier model is found for Rxx at T = 50 K and
T = 100 K. d) Kohler plot of ∆Rxx/R0 = (Rxx(B)−R0)/R0
versus B/R0. The measured data does not fall on a single
universal curve, explicitly showing a violation of Kohler’s rule.
components
Rxx = R0 ·
1 +
(
αµ1 + µ2
µ1 + αµ2
)
µ1µ2B
2
1 +
(
1 + α
µ1 + αµ2
)2
µ21µ
2
2B
2
(1)
Ryx =
B
tpe
·
(
µ21 + αµ
2
2
1 + α
)
+ µ21µ
2
2B
2(
µ1 + αµ2
1 + α
)2
+ µ21µ
2
2B
2
(2)
where we assume equal Hall mobility and drift mobility,
µ1, µ2 and p1, p2 are the mobilities and hole densities in
valleys 1 and 2, respectively, t is the sample thickness,
α = p2/p1, p = p1 + p2, and R0 = (eµ1tp1 + eµ2tp2)
−1.
Unlike the case of a single-carrier model, the two-carrier
6model predicts a longitudinal resistance Rxx that de-
pends on B, and a curvature to the otherwise linear Hall
resistance Ryx versus B.
The two-carrier model is found to give excellent agree-
ment with the measured Rxx at T = 50 K and 100 K as
shown in Fig. 4c), with lower temperatures exhibiting be-
haviour that deviates from the semi-classical model. The
corresponding measured Hall resistance Ryx at T = 50 K
and 100 K are shown in Fig. 4d). The non-zero Ryx at
zero magnetic field is an indication of longitudinal volt-
age pick-up with the transverse electrodes in the Hall bar.
Bipolar magnetic field sweeps (see Supporting Informa-
tion [26]) show that the measured Rxx has a negligible
Hall voltage component over the full-field range, while
the Hall resistance Ryx is linear over the range −3 T <
B < +3 T beyond which longitudinal voltage pick-up ob-
scures the curvature of Ryx versus B at high field. Thus,
a best fit of unipolar Rxx versus 0 T < B < 18 T to-
gether with the low-field (B < 3 T) Hall resistance slope
∂Ryx/∂B determined by linear fit allows us to estimate
the hole valley parameters through equations (1) and
(2): µ1 = 2200 cm
2V−1s−1, p1 = 1.3 × 1017 cm−3, and
µ2 = 235 cm
2V−1s−1, p2 = 1.1×1017 cm−3 at T = 100 K;
and µ1 = 3400 cm
2V−1s−1, p1 = 1.3 × 1017 cm−3, and
µ2 = 220 cm
2V−1s−1, p2 = 1.6×1017 cm−3 at T = 50 K.
Considering ARPES and magnetoresistance in tan-
dem, we can assign carrier densities p1 and p2 with valleys
1) and 2). The ARPES measurements of Fig.1 and the
Supporting Information [26] show that valley 1) has a
larger bandwidth in Ka in comparison with valley 2). In
fact, the negligible experimental bandwidth of valley 2)
implies it is best described as a quasi-2D pocket. Simi-
larly, the heavier valley 2) can be assigned to the high car-
rier concentration p2 and low mobility µ2. The hole den-
sities p1 and p2 imply a chemical potential in close vicin-
ity (15-30 meV at T = 77 K) to the VBM within the bulk
of the measured SnSe crystal. However, ARPES spec-
tra reveal a chemical potential 300 meV above VBM at
the SnSe surface, indicative of a surface depletion layer.
A 300 meV band bending at the observed unintentional
doping level of the SnSe gives rise to a ≈ 20 nm sur-
face depletion layer, beyond the reach of surface sensitive
methods such as ARPES.
The presence of two carrier types with different trans-
port properties can be explicitly seen in the Kohler plot of
∆Rxx/R0 = (Rxx(B)−R0)/R0 versus B/R0 of Fig. 4d).
Kohler’s rule[33] states that ∆Rxx/R0 is a function of
the dimensionless parameter Bτ ∝ B/R0 alone for semi-
classical transport in a single band with a single trans-
port scattering time τ , and thus a universal curve should
be obtained versus temperature. The observed deviation
from Kohler’s rule is further evidence that charge trans-
port cannot be described by a single carrier type with a
single scattering time τ .
The order of magnitude difference in hole mobilities
µ1 and µ2 found by fitting Rxx and ∂Ryx/∂B to a
two-carrier model implies the transport scattering time
τ differs greatly between valleys 1) and 2). We speculate
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FIG. 5: Dimensionality, density of states and See-
beck coefficient. a) The iso-energy surfaces of valley 1),
with anisotropic 3D dispersion, and valley 2), with a quasi-
2D dispersion that is flat in out-of-plane. b) The density
of states ∂p/∂E versus energy E for the anisotropic 3D dis-
persion of valley 1) with mx = 0.80m0, my = 0.25m0, and
mz = 0.22m0; and the quasi-2D dispersion of valley 2) with
my = 0.17 and mz = 0.17. The well known enhancement of
density of states with reduced dimensionality is apparent. c)
The Seebeck coefficient S versus total hole density p at room
temperature calculated with an energy independent scatter-
ing approximation and a scattering time τ ∝ E−1.3. Compar-
ison is made against experimental measurements of Seebeck
coefficient [9, 11, 34–38].
that the quasi-2D dispersion of valley 2) leads to a lower
hole mobility than that in valley 1) because the joint
density of states for back-scattering is enhanced by the
quasi-2D cylindrical shape of the valley 2).
Discussion
We turn our attention to the implication of our find-
ings to understanding the large Seebeck coefficient S =
160 µVK−1 at high carrier density p = 4 × 1019 cm−3
at room temperature [11]. The Fermi surface of hole
doped SnSe is characterized by a needle-like ellipsoid in
valley 1) and a quasi-2D cylinder in valley 2). Notably,
a quasi-2D electron dispersion was identified by Hicks
and Dresselhaus[15] as a means to increase Seebeck co-
efficient and the ZT figure of merit, with the original
proposal calling for a dense stack of quantum wells. Sub-
sequent studies have considered the role of dimensionality
in thermoelectricity in more general terms [39]. Strong
7band anisotropy and valley degeneracy has been previ-
ously identified as an important factor in the thermoelec-
tric properties of FeAs2 [40], LiRh2O4 [41], and AgBiSe2
[42].
In simple terms, the entropy per charge carrier in-
creases with increasing Fermi surface area at fixed carrier
density, as seen in Fig. 5 a) for the anisotropic 3D val-
ley 1) and the quasi-2D valley 2). For example, in the
limit of high carrier density leading to degenerate car-
rier statistics, the Seebeck coefficient from a Sommerfeld
approximation for a parabolic 3D valley takes the form
S = (pi2/6) · (kB/e) · (kBT/EF ). Thus, a large density of
states favours a large Seebeck coefficient because it leads
to a reduction in Fermi level for a given charge carrier
density. In the case of SnSe, valley degeneracy, the large
out-of-plane mass of valley 1), and the quasi-2D nature
of valley 2) all contribute to the enhancement of den-
sity of states as shown in Fig. 5 b) using ARPES band
masses. The anisotropic 3D valley 1) has a density of
states ∂p/∂E,(
∂p
∂E
)
3D
=
g
4pi2
· 2
3/2(mxmymz)
1/2
h¯3
E1/2 (3)
where g is the spin and valley degeneracy, while the quasi-
2D valley 2) has a density of states,(
∂p
∂E
)
2D
=
g
4pia
· 2(mymz)
1/2
h¯2
(4)
where a is the out-of-plane lattice constant.
We estimate the Seebeck coefficient S for SnSe versus
total hole density p at room temperature, first using the
energy independent scattering time approximation [15]
and the valley bandstructure and transport parameters
determined in our work. The Seebeck coefficients of the
3D valley 1) and the quasi-2D valley 2) are given by S1 =
(kB/e) ·(5F3/2/3F1/2−ζ) and S2 = (kB/e) ·(2F1/F0−ζ),
respectively, where ζ = EF /kBT is the reduced chem-
ical potential relative to valence band edge and Fi =∫ −∞
0
(1 + exp(x − ζ))−1xidx is the Fermi-Dirac integral
of order i defined for holes in a valence band. The carrier
densities p1 = (g/2
1/2pi2)(mxmymz)
1/2(kBT )
3/2F1/2/h¯
3
and p2 = (g/2pia)(mymz)
1/2kBTF0/h¯
2 in valleys 1) and
2), respectively, using the band masses determined from
ARPES. As Fermi level is varied, the total carrier den-
sity p = p1 + p2 and the total Seebeck coefficient S =
(S1µ1p1 + S2µ2p2)/(µ1p1 + µ2p2), were calculated. We
take µ1/µ2 = 9.4 as inferred from magnetoresistance at
T = 100 K, the highest temperature for which we have
determined a mobility ratio.
Our simple model estimate for S is compared against
experimental measurements of Seebeck coefficient at
room temperature in Fig. 5c), including measurements
of Seebeck coefficient in polycrystalline p-type SnSe
[35, 37, 38], low-doped single crystal p-type SnSe [9, 34]
and heavily doped single crystal p-type SnSe [11, 34, 36].
Notably, we find that the Fermi level EF reaches the
valence band edge of SnSe at a carrier density of p =
5 × 1019cm−3, owing to the large valence band density
of states, from which it follows that degenerate carrier
statistics are not reached at room temperature for exper-
imentally reported carrier statistics. The independent
scattering time approximation over-estimates the See-
beck coefficient as compared with experimental data over
three orders of magnitude of carrier concentration up to
the highly doped regime. Improved agreement between
experiment and model calculation is reached by inclusion
of an energy dependent scattering time τ ∝ Er with a
corresponding contribution ∆S = rkB/e to the Seebeck
coefficient [43]. In the highest quality SnSe crystals re-
ported to date [16, 17], it was observed that mobility
µ ∝ τ ∝ T−2.3. With an acoustic phonon population
∝ T , the scattering rate dependence on charge carrier
energy E is estimated to be 1/τ ∝ T · E1.3 and thus
r = −1.3 and ∆S = −112 µV/K. Further improve-
ments to understanding the thermoelectric performance
of SnSe requires a determination of the energy depen-
dence of charge carrier scattering in the valence band
valleys of SnSe at experimentally relevant doping levels.
In conclusion, through a detailed experimental study
of weakly doped SnSe, we find that the origin of the
high Seebeck coefficient of p-type SnSe can be explained
through a combination of valence band degeneracy,
with one valley being strongly anisotropic and another
valley being a quasi-2D band, realizing a layered Hicks-
Dresselhaus thermoelectric. Moreover, our experiments
show a remarkable difference between black phosphorus,
where effective mass is lighter out-of-plane than in the
zigzag in-plane direction [4], and the polar analogue
SnSe where the out-of-plane mass is significantly heavier
than in-plane mass. Our findings motivate further
experimental study of the physical properties of heavily
doped layered semiconductors for both electronic and
thermoelectric applications.
Acknowledgements
V. T., I. F., N. H., M.P., G. G. and T. S acknowledge
NSERC, CIFAR, Hydro-Quebec, L’Institut d’Energie
Trottier and the Canada Research Chairs program for
financial support. A portion of this work was performed
at the National High Magnetic Field Laboratory which
is supported by National Science Foundation Coop-
erative Agreement No. DMR-0084173, the State of
Florida, and the Department of Energy. We thank G.
Jones, J.-H. Park and T. P. Murphy for outstanding
technical support at the National High Magnetic Field
Laboratory. B. S., N. E., A. F. and A. G. acknowledge
European Research Council grant no. 648589 ‘SUPER-
2D’, funding from Deutsche Forschungsgemeinschaft
projects CRC 1238 (project A1) and GR 3708/2-1. D.R.
and A.G. acknowledge the G-RISC program. We thank
SOLEIL, HZB BESSY and Elettra for the allocation
of synchrotron radiation beam times. The stay at
the Elettra synchrotron has been supported by the
8CERIC-ERIC consortium. The Synchrotron SOLEIL
is supported by the Centre National de la Recherche
Scientifique (CNRS) and the Commissariat a` l’E´nergie
Atomique et aux E´nergies Alternatives (CEA), France.
Appendix A: Crystal Growth
SnSe crystals were grown from a melt of 6N purity Sn
and Se in stoichiometric proportion by the Bridgman
method in double-walled quartz ampoules by pulling
from a high temperature zone (∼ 1180 K) at a rate of
0.56 mm/hr through a linear temperature gradient of
30 K/cm into a colder zone, followed by slow cooling [44].
Appendix B: Density Functional Theory
The electronic band structure of SnSe has been cal-
culated within the pseudopotential plane wave density
functional theory (DFT) approach with GW corrections
to reproduce the band gap. All computations were
performed with use of the ABINIT package [45]. The
atomic coordinates and lattice parameters have been
fixed at their experimental values [3]. The DFT results
were obtained with the Perdew-Burke-Ernzerhof [46]
exchange-correlation functional, Troullier-Martins [47]
norm-conserving pseudopotentials, a plane wave set
with a cutoff energy of 20 Hartree to represent the wave
function and a 6x6x4 Monkhorst-Pack k-point grid for
Brillouin zone sampling. The resulting Kohn-Sham
data was used as a starting point for the quasiparticle
computations. For the G0W0 calculations we used a
plane wave set with a cutoff energy of 20 Hartree for the
wave function, 6 Hartree to calculate the screening and
80 Hartree for the exchange part of the self-energy. 692
bands has been used for both screening and self-energy
calculations and the Brillouin zone was sampled with a
6x6x4 k-point grid. The plasmon-pole model was used
for the integration over frequency in the self-energy. To
study the position and shape of the multiple energy
pockets in k-space, the valence band surface has been
calculated on a dense 100x100 k-point grid within the
DFT (Fig. 1c).
Appendix C: ARPES
ARPES measurements were carried out at the
ANTARES beamline [48] of the SOLEIL synchrotron
and at the UE112 beamline of BESSY on SnSe sin-
gle crystals with linear polarized light. The crystal
surfaces were prepared in-situ by top post cleavage in
UHV. Immediately after the cleave we determined the
high-symmetry directions through low-energy electron
diffraction and rough ARPES maps. The temperatures
of the measurements were equal to 35 K for the ARPES
maps in the cleavage plane (measured at UE112) and
equal to 100K for the out-of-plane dispersion mea-
suements (measured at ANTARES and UE112). The
ARPES spectra were obtained using a hemispherical
Scienta R4000 analyser. The total energy resolution was
∼12 meV.
Appendix D: Optical Reflectance Spectroscopy
Optical reflectance spectra were acquired at the SISSI
endstation [49] of the ELETTRA synchrotron with
unpolarized light on freshly cleaved SnSe surfaces over
a spectral range of 50 − 17000 cm−1 with a Bruker
Vertex 70v spectrometer equipped with a variety of
beamsplitters and detectors. The measurements were
carried out at room temperature. The optical conduc-
tivity is extracted from the reflectivity data with the
help of Kramers-Kronig transformations, with standard
extrapolation procedures [50].
Appendix E: Device Fabrication
SnSe was exfoliated on to a pre-patterned oxidized
silicon wafer ( 5 mΩ− cm As-doped Si with 300 nm dry
SiO2 ) with an adhesive tape method in a glove box
with < 1 ppm H2O and O2 concentration to prevent
oxidation [51]. The oxidized silicon was treated with
hexamethyldisilazane (HMDS) prior to exfoliation, to
suppress charge transfer doping. Exfoliated flakes were
contacted using a standard electron beam lithography,
metal evaporation and lift-off technique. Electrodes
were arranged in a two-point or van der Pauw geometry.
Once fabricated, the SnSe was encapsulated in a glove
box environment by spin-coating 300 nm of copolymer
(methyl methacrylate) and 200 nm of polymer (poly-
methyl methacrylate) followed by an annealing step at
170 C for 15 min. Bulk SnSe samples were cleaved in
ambient conditions and contacted by a combination of
metal evaporation through a shadow mask and manual
application of Ag paste.
Appendix F: Transport Measurements
Quasi-dc measurements were performed at room
temperature in a vacuum probe station with a semicon-
ductor parameter analyzer. Cryogenic measurements
were performed using standard lock-in techniques in
a He4 variable temperature insert fitted with an 8 T
superconducting solenoid. Exfoliated samples were
illuminated with red light during cool down with red
LEDs biased at 1 mA, and mounted in close proximity
to the exfoliated flakes. In all field effect measurements,
gate leakage currents were monitored and did not exceed
1 nA. Exfoliated samples were characterized with ac
source-drain currents of 1 µA, and bulk samples were
characterized with ac source-drain currents of 100 µA.
High magnetic field measurements were performed at
National High Magnetic Field Laboratory in Tallahas-
see. An 18 T superconducting solenoid fitted with a
He3 cryostat was used for bulk sample measurements.
Standard lock-in measurement techniques were used
9with ac source-drain currents of 10 µA.
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I. SUPPORTING INFORMATION
A. Effective masses from density-functional theory
Fig. 6 depicts an overview of the band structure and
the relevant pockets. We performed parabolic fits of the
effective mass tensor components for each pocket. As a
result we obtain the following masses (all in units of the
free electron mass): valley 1) mx = 0.55, my = 0.35, mz
= 0.14, valley 2) mx = 1.35, my = 0.14, mz = 0.17 valley
3) my = 0.17, mz = 0.25 (the mx of this valley is ill-
defined since it has a degeneracy at the valley position in
k space which splits in two bands along the kx direction)
and valley 4) mx = 0.24, my = 0.10, mz = 0.18. It is
also seen that the valley 3) originates from the valley 2)
and from another band rising from the bottom.
B. Out-of-plane dispersion relation
Fig. 7(a) depicts a constant energy cut thru the top
of pockets 1) and 2) at varying photon energy highlight-
ing the matrix element effects. Fig 7(b) is an ARPES
spectrum along ΓZ which indicates pockets 1) and 2).
Figs. 7(c-h) shows the photon energy dependence of the
pockets 1) and 2). Sweeping the photon energy allows to
probe the out-of-plane dispersion relation.
C. Bipolar magnetotransport
Fig. 8(a) depicts the longitudinal resistance Rxx versus
B in a bipolar magnetic field sweep of the bulk SnSe Hall
bar sample reported in this work at T = 0.3 K. The
measured Rxx is symmetric in B, indicating minimum
Hall voltage pick-up in the Hall bar. Fig 8(b) depicts the
Hall resistance Ryx versus B in a bipolar magnetic field
sweep of a bulk SnSe Hall bar sample at T = 0.3 K. The
measured Ryx is linear in B, over the field range shown,
indicating a longitudinal voltage pick-up that produces
a vertical offset in Ryx versus B but induces a negligible
curvature versus B over the field range −3 T < B <
+3 T.
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FIG. 6: (a) Overview of the band structure by DFT. (b)-(e) depict the out-of-plane (Ka) and one in-plan (Kb) mass for pockets
1)-4).
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FIG. 7: a) Constant energy (E=0.3 eV) plot of the momentum scans at different photon energies. b) Spectrum at hν=53eV
indicating the wavevectors where the momentum slices at different photon energies were taken. c-h) Oscillations in the ARPES
intensity allow us to assign the Z and U points along the Ka direction.
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FIG. 8: a) The longitudinal resistance Rxx versus B of a bulk SnSe Hall bar at T = 0.3 K. b) The Hall resistance Ryx versus
B of a bulk SnSe Hall bar sample at T = 0.3 K.
